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Abstract: Although runoff from trafficked urban areas is recognized as a potentially significant
pathway of micropollutants, runoff pollution remains poorly documented, except for relatively few
historical pollutants such as some metals and hydrocarbons. Therefore, in this work, road and
parking lot runoff from four sites with contrasting traffic levels were analyzed for a very broad
spectrum of molecules and elements. A total of 128 pollutants and micropollutants were monitored,
including inorganic (n = 41) and organic (n = 87) pollutants. Both the dissolved and particulate
phases were considered. For a reduced number of samples, non-targeted screening by high-resolution
mass spectrometry (HRMS) was carried out. For targeted screening, the contamination profiles
were quite homogeneous, but the concentrations significantly differed between the different sites.
Sites with the highest traffic density exhibited the highest concentrations for polycyclic aromatic
hydrocarbons (PAHs), some traffic-related metals, alkylphenols and phthalates. Overall, for most
micropollutants, the parking lot runoff exhibited the lowest concentrations, and the specificity
of this site was confirmed by its HRMS fingerprint. Non-target screening allowed the sites to be
discriminated based on the occurrence of specific compounds. Unlike the results of targeted screening,
the HRMS intra-site variability was lower than its inter-site variability. Unknown substances were
tentatively identified, either characteristic of each site or ubiquitous of all samples.
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1. Introduction

Since the 1980s, numerous studies have demonstrated that urban stormwater con-
tributes to the deterioration of the quality of receiving environments [1,2]. Among the
various urban surfaces, traffic areas are especially likely to emit a wide range of microp-
ollutants into the runoff. They may originate from multiple sources [3,4]: exhaust gases;
abrasion of tires, brakes and other mechanical parts of vehicles; leakage of various automo-
tive fluids; leaching from exterior metallic or polymeric materials of vehicles and erosion or
leaching from pavement coating, road paints and urban furniture.

Traffic area runoff [5] has been extensively documented for aggregate parameters like
total suspended solids (TSS); chemical oxygen demand (COD); oils and grease; nutrients;
a range of trace metals, including Cu, Pb and Zn and polycyclic aromatic hydrocarbons
(PAHs). Most studies have focused on densely trafficked highways; less information is
available for urban roads with lower traffic and for parking lots [3,6,7]. Moreover, while
the contamination of stormwater by a wide range of metallic and organic micropollutants
has been identified [6–8], there is very little information on the range of micropollutants
composing the runoff matrix from trafficked areas and their concentration levels. In
order to develop road and parking lot runoff management strategies that limit the diffuse
contamination of receiving water bodies, more in-depth knowledge about the sources and
concentrations of these contaminants is needed.

This study was performed within the framework of the “Roulépur” research program,
funded by the French Agency for Biodiversity and Seine-Normandie Water Agency. This
project aimed at evaluating innovative solutions for controlling micropollutant loads gener-
ated by road runoff. The first task of the project was dedicated to an extended screening of
traffic area runoff contamination.

By coupling targeted and non-targeted screening, this study aimed to investigate
a broad range of pollutants, including historical (PAH and metals) but also emerging
micropollutants, as well as poorly documented pollutants in road runoff. This holistic
approach, covering a wide range of micropollutants, allowed for a better assessment of
the problem road runoff poses to receiving waters and a better identification of pollutant
sources and, thus, guides source control or treatment strategies.

The following questions were addressed: (i) What is the frequency of occurrence of the
investigated micropollutants and pollutant concentration ranges in roads and parking lots?
(ii) What is the inter-site variability concentration? (iii) How can non-targeted screening
contribute to the knowledge of runoff water quality?

2. Materials and Methods
2.1. Study Sites and Sampling Methods

Runoff was collected from three urban roads with contrasting traffic levels and condi-
tions and one residential parking, all situated within the Paris metropolitan area (France).
The main characteristics of this study sites are given in Table 1.

Runoff was collected from a storm drain (sites P and R) or from a gully (sites C
and V). Flow conditions at the sampling point at sites P, C and V allowed for a good
mixing of the effluent in the flow section. At site R, however, the sampling point was under
backwater influence, leading to periods of low velocity and possible stratification of the TSS,
which could have induced an overestimation of the particle-bound concentrations for some
samples. Event mean samples were collected with automatic refrigerated samplers (Sigma
SD900P, Hach Lange, Lognes, France or Bühler 1029, Hach Lange, Lognes, France or Sigma
AS950, Hydreka, Lyon, France or Isco 3700, Teledyne Isco, Lincoln NE, USA) controlled by
a flowmeter (P: tipping bucket, Précis Mécanique, Bezons, France and PCM4+POA, Nivus,
Bischoffsheim, France, C: tipping bucket, UFT, Rosheim, France, R: Tidalflux 4300F, Khrone,
Romans-sur-Isère, France, V: triangular weir + pressure sensor Unik5000, GE M&C, France).
At sites P, C and V, flow proportional samples were collected over the periods of non-zero
flow at fixed volume steps. At site R, subsamples were collected when a given water level
threshold was exceeded and collected at fixed time steps. This sampling procedure allowed
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for a good representation of sites P, C and V, with event mean samples covering usually
more than 90% of the rain event volume, except for some events with very high rainfall
amounts. For site R, the representativity of the event mean samples could not be evaluated,
as the flow measurements were not reliable during the backwater periods. Samples were
collected in 20-L PEHD bottles for inorganic elements and global pollutants analyses and in
20-L glass bottles for organic micropollutants. Between each event, all bottles were washed
with detergent (Extran for plastic bottles and TDF4 for glass bottles, Merck, France) and
rinsed several times with tap water, thrice with deionized water and twice with ultrapure
water. When possible, two samplers were used in parallel (sites C and V). When only one
sampler could be used due to space limitation (sites P and R), glass and PEHD bottles were
alternated between rain events. Samples were retrieved as soon as possible after the rain
event (usually less than 12 h) and were pretreated within 24 h. A representative sample
of fresh sediment was also collected manually where it could be found: along the road
shoulder (C), in the storm drain (R) and in the settler collecting the road runoff (P)—no
sediment was available at the V site.
Table 1. Sampling sites characteristics.

Site Name Paris (P) Compans (C) Rosny-Sous-Bois (R) Villeneuve-le-Roi (V)

Location Central Paris Suburban area, close to
Roissy airport Town center, suburbs Residential area, suburbs,

close to Orly airport

Characteristics of the
traffic area

One-way urban boulevard
on the Seine riverbank

2 lanes
50 km/h

Departmental road
Smooth traffic flow

2 × 2 lanes
90 km/h

Town centre street
Traffic light

2 × 1 lane + side parking
50 km/h

Residential parking lot

Daily traffic load 40,000 veh/d 2 × 11,000 veh/d
High HGV * traffic

Low and variable traffic
(<3000 veh/d)

Very low traffic
1 to 3 rotations per day

Catchment area 1045 m2 945 m2 3410 m2 730 m2

Note: * HGV = heavy goods vehicle.

2.2. Screening Methodology
2.2.1. Targeted Screening Methodology

Based on a multicriteria approach combining the available analytical capacities and
a review of molecules potentially leached from road infrastructures and car materials and
consumables, a list of organic and inorganic pollutants was selected, similar to that of
Markiewicz et al. [9]. A total of 128 pollutants and micropollutants were selected and moni-
tored in the runoff, including 41 inorganic and 87 organic pollutants or groups of substances.
The full list of pollutants analyzed is provided in Table S1. Pollutants analyzed during the
targeted screening can be divided into 5 groups, based on the analytical procedures and
the laboratories in charge of the chemical analysis, as well as on the number of rain events
sampled. The compounds analyzed and usual abbreviations are given in the respective tables.
Group 1 and group 2 corresponded to inorganic compounds. Group 1 encompassed 10 trace
metals (As, Cd, Cr, Co, Cu, Mo, Ni, Pb, V and Zn) and 11 major elements (Al, Ba, Ca, Fe,
Mg, Mn, P, K, Na, Sr and Ti), while group 2 comprised Sb, Ag, Cs, Rb, Se and 15 Rare Earth
Elements (REE). Groups 3, 4 and 5 corresponded to organic micropollutants. Group 3
consisted of 19 polycyclic aromatic hydrocarbons (PAHs), including 16 US-EPA PAHs;
2 methyl-PAHs and coronene; total hydrocarbons (THC) and 7 alkylphenols (APs), including
nonylphenol, octylphenol and their polyethoxylates (NPnEOs and OPnEOs), bisphenol A
and 15 phthalic acid esters (PAEs). Group 4 consisted of 18 perfluoroalkyl sulfonates (PFASs),
10 polybromo diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD) and tetrabro-
mobisphenol A (TBBPA). Group 5 comprised 3 organotins, 4 benzotriazoles, 3 oxygenated
ethers, chloroalkanes (C10-C13), benzophenone and linear alkylbenzene sulfonate (LAS).

For most organic compounds and metals, the dissolved and particulate phases were
analyzed separately as recommended in the literature (Zgheib et al. 2011) after filtration
on 0.7-µm fiberglass filters (Whatman, Sigma Aldrich, France) for organics and 0.45-µm
cellulose acetate filters (Whatman®) for inorganics. The total concentrations were calculated
as the sum of the dissolved and the particle-bound concentrations. The elements from
group 5 were analyzed in the dissolved and total phases.
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For the analyses from groups 2, 3 and 4, the samples were filtered immediately after
collection and freeze-dried. For group 3, the filtrates were extracted immediately after
filtration and stored at 4 ◦C before analysis. For group 4, the filtrate was set on ice and sent
by express to the corresponding laboratory, where it was extracted upon reception. For
group 2 (inorganic elements), the filtrate was acidified at pH < 2 with HNO3 and stored at
4 ◦C before analysis. For group 1, an aliquot of the total sample was set on ice and sent by
express to the corresponding laboratory, where it was filtered upon reception and handled
similarly to group 2.

The particulate inorganic elements (groups 1 and 2) underwent total solubilization
by concentrated acid digestion (HF + HNO3 or HF + HClO4 + HCl + HNO3) and were
analyzed by either inductively coupled plasma mass spectrometry (ICP-MS) or inductively
coupled plasma optical emission spectrometry (ICP-OES). Dissolved organic micropollu-
tants were either liquid–liquid-extracted (TPH and PAHs) or solid-phase-extracted, while
the filters were either solid–liquid-extracted (TPH and PAHs) or microwave-extracted.
PAHs and PAEs, as well as PBDEs, were analyzed using gas chromatography coupled to
mass spectrometry (GC-MS). Bisphenol A, APs and PFAS were analyzed by liquid chro-
matography coupled to tandem mass spectrometry (LC-MS/MS). More information on
the analytical methods can be found in Reference [10] for pollutants from group 1 and 3,
Reference [11] for group 2 and adapted from References [12–15] for group 4.

Compared to the analytical uncertainties, the field blanks did not show significant
contamination by the sampling devices and pretreatment procedures for most pollu-
tants. The limits of quantification (LQ) for each individual substance are provided in
Supplementary Materials Tables S2–S10.

2.2.2. Non-Targeted Screening Methodology

Non-targeted screening was performed on the dissolved phase of selected runoff
samples following a protocol detailed elsewhere [16]. Briefly, 1 L of filtered and acidi-
fied (pH 2) samples were extracted on Oasis HLB cartridges (Waters); eluted with 3-mL
dichloromethane, 5-mL ethyl acetate and 5-mL methanol; concentrated under a stream of
N2 and reconstituted in a final volume of 1-mL methanol/Milli-Q water (20/80; v/v). Ex-
tracts were filtered through a 0.2-µm PTFE filter before analysis by ultra-performance liquid
chromatography (UPLC) coupled to ion mobility time-of-flight mass spectrometry (IMS-
QToF—Vion, Waters). UPLC separation was performed on an Acquity BEH C18 column
(1.7 µm, 2.1 mm × 100 mm, Waters) after injection of 10 µL of each sample with a mobile
phase constituting (A) Milli-Q water + 0.1% formic acid and (B) acetonitrile + 0.1% formic
acid at a rate of 0.45 mL/min. The gradient was: 1-min isocratic with 98% A, a 25-min
linear decrease to 2% A, 5-min isocratic with 2% A and a 4-min equilibration time with
98% A. IMS-ToF-MS data-independent acquisition was carried out in positive (ESI+) and
negative (ESI-) modes between 100 and 1000 Da (HDMSE mode). Samples were analyzed in
randomized triplicates to minimize the intra-sequence variability caused by the instrument.
Data were acquired and analyzed using UNIFI software (Waters). All detected features
(i.e., triplets of the m/z ratio, retention time and ion mobility drift time) were aligned
across the samples and exported as a csv file for further processing (i.e., visualization of
HRMS fingerprints and multivariate statistical analyses) in R software (R Core Team, v.3.6.2,
Vienna, Austria).

Suspect screening was performed using a homemade library created in UNIFI soft-
ware (Waters, Milford, USA)). Each suspect entry in the library contained the name of
the molecule, its exact mass, its raw formula and its molecular structure, allowing in
silico fragmentation. Suspects were targeted by their exact mass with a tolerance of
5 ppm, and the detected fragments were compared to the predicted ones using a tolerance
window of 2 mDa. 1,4-diphenylguanidine (DPG), a rubber vulcanization accelerator, was
identified as a major peak in most samples and purchased as an analytical standard for
unambiguous detection (see Reference [16] submitted to the same special issue). Another
guanidine compound, 1,3-di-o-tolylguanidine (DTG), was also selected. DTG and DPG
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have previously been quantified at 10–100 ng/L levels, respectively, in European water
resources [17]. DPG was also reported at up to 300 µg/L in stormwater in Canada [18].
6PPD, a common tire rubber antioxidant, was recently discovered as the precursor of
6PPD-quinone, a product responsible for the high mortality of Pacific Northwest coho
salmon exposed to urban runoff [19]. Other compounds selected for suspect screening were
additives used in the vulcanization process; plasticizers or antioxidants such as tertiary
butylphenols [9,20]: bisphenol S, benzotriazole, benzothiazole, 2-mercaptobenzothiazole,
2-aminobenzothiazole, 2-methylbenzothiazole, 2,4-di-t-butylphenol, 2,6-di-t-butylphenol,
4-t-butylphenol, methyl-thiobenzothiazole, t-butylhydroquinone, butylated hydroxytoluene
and tolyltriazole.

2.3. Sample Characteristics

Sampling. The sampling period ranged from November 2015 to June 2019. The
sampling periods differed between sites and between pollutant groups due to the periods
of availability of both the sites and the analytical laboratories (Table 2). For groups 2,
4 and 5, which corresponded to the enlarged targeted screening, between two and four
runoff samples were collected per site. For groups 1 and 3, corresponding to pollutants for
which a presence in urban runoff was already established, a larger number of samples were
analyzed (9–19 for group 1 and 4–12 for group 3) in order to better characterize the event
mean concentration distributions and variations between the sampling sites. A limited
number of event mean samples out of those collected for the group 3 analysis were used
for non-targeted screening: three from P site, four from C site, one from R site and three
from V site.

Table 2. Number of rain events analyzed per site and per pollutant group—targeted screening.

Inorganic Elements Organic Micropollutants
Group 1 Group 2 Group 3 Group 4 Group 5

Paris (P) 11–19 4 7–8 3 0
Compans (C) 11–15 4 11–12 4 3

Rosny-sous-Bois (R) 9–13 4 4 2–4 2
Villeneuve-le-Roi (V) 11–18 3–4 6–11 2–4 2

Rain event characteristics. The main characteristics of the sampled rain events are
given in Table 3 for the four study sites. While rain depth, duration and maximum intensity
varied in a wide range, most sampled events corresponded to frequent rain events that
represented most of the annual rainfall volume. In the Paris region, a daily rainfall of less
than 10 mm makes up for 84% of the annual rainfall, and 80% of the annual rainfall is
associated with rainfall intensities inferior to 9 mm/h.

Table 3. Sampled rain event characteristics—median (min–max).

Rain Depth (mm) Duration (h) Imax6min (mm/h) ADW (day) Runoff Volume (m3)

Paris (P) 4.2 (0.2–62) 4 (0.7–38) 6.0 (0.8–67) 0.7 (0.03–13) 2.0 (0.2–29)
Compans (C) 9.9 (4.3–47) 19 (2–40) 12 (4–43) 1 (0.1–18) 12 (3.2–36)

Rosny-sous-Bois (R) 13.8 (0.6–50) 17 (0.8–54) 10 (1.2–124) 0.3 (0.0–4) NA
Villeneuve-le-Roi (V) 11.4 (2.8–29) 12 (1–124) 6.8 (2.3–45) 1.6 (0.2–21) 5.5 (1.4–19)

Note: ADW = antecedent dry weather period.

3. Results
3.1. Physical–Chemical Characteristics

Table 4 summarizes the range of event mean concentrations (EMCs) for the total
suspended solids (TSS), dissolved organic carbon (DOC) and particulate organic carbon
(POC), as well as pH and electrical conductivity, for the four sites. The data were given
separately for the enlarged screening (groups 2, 4 and 5) and for the focused screening
(groups 1 and 3). The slightly basic pH measured at all four sites is typical of urban runoff
in the Paris region and can be explained by the pH of natural soils in this region, as well
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as the buffering effect of road construction materials. It is consistent with the range of pH
values usually measured at roads and parking lots [5,21]. The conductivity, TSS and DOC
concentrations varied in a wide range from one rain event to another, which is typical for
urban runoff due to the variability of antecedent dry weather duration, rain depth and
rain intensity [5,22], but also variations over time at sources, e.g., road salt application in
winter. Though the number of sampled rain events was very limited for groups 2, 4 and
5, the range of observed concentrations was as large as that observed for groups 1 and 3.
The two sites with high traffic loads (P and C) showed much higher TSS concentrations.
This was confirmed by the exceedance probability distributions (Figure 1), which were
similar for P and C. In the case of R site, the TSS distribution covered a wide range; very
high TSS EMCs were observed for some events, which could be explained by the influence
of nearby construction work and resuspension of sediment in the stormwater pipe. V site
showed the lowest TSS and DOC concentrations, as well as conductivities. Some outliers
in the conductivity distributions were noticeable for C and R. They corresponded to salt
application in the winter for C, while illegal spills from construction work were suspected
for R, as we also noticed very high pH values (>9.0) for these events. The DOC distributions
were quite similar between V, R and C, while P showed higher concentrations. This could
be linked to the very dense urban context of the Paris site.

Table 4. Physicochemical characteristics of runoff samples—median (min–max) concentrations.

Site Group pH Electrical Cond. (µS/cm) TSS (mg/L) DOC (mg/L) POC (%)

P
2,4,5 7.2 (7.0–8.0) 152 (88–642) 191 (26–1237) 13.7 (4.2–68.,4) 24.4 (10.8–37.8)
1,3 7.6 (6.9–9.8) 198 (88–786) 235 (28–1620) 16.9 (4.2–95.2) 24.1 (7.8–38.0)

C
2,4,5 7.9 (7.4–8.4) 182 (88–1950) 123 (54–535) 5.6 (1.7–7.6) 16.0 (11.4–18.0)
1,3 8.0 (7.6–8.4) 234 (88–1950) 296 (72–933) 6.1 (1.7–14.7) 14.2 (8.4–18.0)

R
2,4,5 7.6 (7.5–9.4) 135 (105–192) 34 (5–214) 9.9 (4.3–16.9) 16.0 (4.6–33.0)
1,3 7.9 (7.6–11) 165 (105–1643) 58 (5–1901) 8.2 (4.0–47.6) 12.8 (4.6–33.0)

V
2,4,5 7.6 (6.6–8.1) 68 (44–90) 45 (4–177) 9.9 (4.1–12.4) 17.9 (14.6–33.0)
1,3 7.7 (6.9–8.3) 81 (61–162) 26 (9–174) 4.1 (2.8–15.0) 24.1 (14.2–29.6)

Figure 1. Non-exceedance probability distributions of EMCs for the TSS, conductivity and DOC at
the four study sites.

3.2. Micropollutants in the Road and Parking Lot Runoff—Prevalence and Concentration Ranges
in the Targeted Screening

The median total concentrations, as well as the first and last deciles (Q10 and Q90) of
quantified EMCs over all rainfall events and sites, are given in Tables 5–7 for the different
groups of chemicals monitored. The quantification frequency in the total fraction is also
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provided. Figure 2 illustrates more precisely the quantification frequency of the target
organic pollutants in the dissolved and particulate phases or in sediment.

Table 5. Inorganic elements analyzed in the runoff; environmental quality standards (EQS); quantifi-
cation frequency and range of quantified total EMC concentrations (first decile Q10, median and last
decile Q90) over the 4 study sites.

Family Substance Abbv. AA-EQS 1 N Quantif. Q10 Median Q90 Literature 2

Group
1

M
aj

or
s

(m
g/

L)

Aluminum Al 57 96% 0.81 5.0 19 0.15–4.9
Calcium Ca 57 100% 15.0 32 74

Iron Fe 56 100% 0.91 5.5 23 0.33–3.7
Magnesium Mg 0.1 57 100% 0.87 2.4 7.1
Phosphor P 56 95% 0.15 0.51 1.5
Potassium K 57 100% 1.5 4.8 12

Sodium Na 5 57 100% 1.7 9.3 90

M
aj

or
(µ

g/
L) Barium Ba 57 100% 25 74 361

Manganese Mn 58 100% 21 90 358 11–659

Strontium Sr 57 100% 44 120 246

Titanium Ti 2 58 98% 75 405 1594 13–179

Tr
ac

e
m

et
al

s
(µ

g/
L)

Arsenate As 0.83 57 100% 0.6 2.3 6.8 0.7–12
Cadmium Cd 0.09 54 85% 0.1 0.1 1.0 0.05–37
Chromium Cr 3.4 56 100% 3.9 17 84 1–105

Cobalt Co 0.3 55 89% 0.3 1.6 6.5 1.5–13
Copper Cu 1 57 100% 15 111 570 6–430

Molybden. Mo 56 95% 0.6 4.1 22
Nickel Ni 4 57 100% 2.4 8.9 32 2–145
Lead Pb 1.2 57 100% 5.3 21 98 1.4–380

Vanadium V 2.5 57 100% 3.6 12 36 16
Zinc Zn 7.8 57 100% 36 236 932 21–2234

Group
2

Antimony Sb 0.6 15 100% 1.3 7.7 39.8 0.8–10.7
Silver Ag 15 100% 0.04 0.1 0.3

R
ar

e
ea

rt
hs

(µ
g/

L)

Cesium Cs 15 100% 0.3 1.1 2.9
Rubidium Rb 15 100% 6.1 14.1 33.6

Yttrium Y 16 100% 33 49 80
Lanthanum La 15 100% 19 37 63

Cerium Ce 16 100% 32 54 127
Praseodym. Pr 16 100% 5 9 16
Neodymium Nd 16 100% 24 41 78
Samarium Sm 16 100% 10 16 23
Europium Eu 16 100% 3.4 5.7 9.4

Gadolinium Ga 16 100% 0.9 1.5 3.0
Terbium Tb 16 100% 5.5 9.3 15.8

Dysprosium Dy 16 100% 4.8 8.0 13.6
Holmium Ho 16 100% 1.2 1.7 3.4
Thulium Tm 16 100% 3.2 5.1 8.0
Erbium Er 16 100% 0.5 0.7 1.0

Ytterbium Yb 16 100% 2.8 4.2 7.5
Lutecium Lu 16 100% 0.4 0.7 1.1

Note: 1 EQS: annual average value for the dissolved phase, European regulatory value 2013/39/UE or
INERIS calculated guidance value: https://substances.ineris.fr/fr/page/9 (accessed on 16 December 2021).
2 Literature = range of site mean total EMCs for various types of parking lots, roads and highways [5,20,23].

Figure 2. Quantification frequency (y-axis, in a fraction of the collected samples) of the targeted
organic pollutants in the dissolved phase, particulate-bound phase and sediment.

For inorganic elements, almost all major elements, trace metals and REE were detected
in the runoff. For the trace metals, all elements were quantified except selenium. For most

https://substances.ineris.fr/fr/page/9
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metals, an occurrence close to 100% was observed. Only Cd and Cr showed slightly lower
occurrences, which remained above 90%. For elements such as Zn (36–932 µg/L, Q10-Q90),
Cu (15–570 µg/L), Pb (5.3–98 µg/L) or Ni (2.4–32.3 µg/L), the concentration ranges varied
by one or more orders of magnitude from one sample to another but were consistent with
those reported in the literature [23]. The abrasion of tires (Zn, Cu and Cd) and brakes (Cu,
Zn, Ni, Pb, Sb and Cd) is a major traffic-related source of these metals, as well as engine and
vehicle body wear (Cr and Ni) [4,23,24]. This study provided relatively new information
for previously little documented metals such as Co (0.3–6.5 µg/L), Mo (0.6–21.8 µg/L), Sb
(1.3–39.8 µg/L), Sr (44–246 µg/L), V (3.6–36 µg/L) and Ti (75–1594 µg/L). Co and Ti are
potentially emitted from traffic areas [23] due to their use in diesel (Co) and white road
marking paint (Ti). Sb is especially relevant, as it has a clear traffic-related source from
brake pad wear and is recognized for its toxicity [23,24]. Gietl et al. [25] showed that Ba
(25–361µg/L) could be considered a tracer of brake dust in urban air and that it correlated
highly with Cu and Sb. It is thus also likely to be a tracer of traffic contamination in runoff.

For organic pollutants, out of the 87 pollutants searched for, only a few compounds
were not detected, i.e., three organotin (MBT, DBT and TBT, LQ = 0.02 µg/L); the three
oxygenated ethers (MTBE, ETBE and LAME, LQ = 1 µg/L); chloroalkanes (C10–C14,
LOQ = 50 µg/L); LAS (LQ = 10 µg/L) and two PFASs (PFHxS and PFHpS, LQ = 0.6 ng/L).
Organotins were, however, detected in sediments (Figure 2). The non-detection of these
molecules resulted from the relatively high quantification limits and/or their low pres-
ence in the runoff. The non-quantification of oxygenated ethers in the runoff, although
they are potentially emitted following the combustion of fuels, could be linked to their
very rapid volatilization due to their physical–chemical properties. Previously reported
concentrations of MTBE ranged from 0.03 to 1.9 µg/L [26–28]. A recent study indicated
that the concentrations of oxygenated ethers were below 0.03 µg/L [20]. The concentration
differences between these studies could be related to changes in the composition of the
petrol. Since 2009, the European directive on specifications for petrol, diesel and gas oils
has limited the maximum concentration of MTBE to 15% by volume. It is possible that
the change in fuel composition has led to a decrease in MTBE emissions from vehicles in
Europe, which explains the low occurrence observed in this study. Despite a relatively low
LQ (0.02 µg/L), organotins were not detected. These compounds are not often studied
in runoff. According to Zgheib et al. [8], concentrations in stormwater from larger catch-
ments typically vary between 14 and 572 ng/L for MBT, between <10 and 516 ng/L for
DBT and between <10 and 78 ng/L for TBT. MBT was quantified by Stachel et al. [29]
in the road runoff at a median concentration of 20 ng/L, while the TBT concentrations
were <1 ng/L. An environmental quality standard (EQS) for TBT was set at 0.2 ng/L [30],
which is very low compared to the usual LQs. LAS were also not detected in runoff water.
Like organotins, this family of molecules, potentially used in certain automotive oils, is
very poorly documented. To date, only one study has analyzed LAS in road runoff and
pointed out much higher concentrations (43–590 µg/L) [28]. As expected, due to their
physical-chemical properties, PAHs and PBDE are mainly detected in the particulate frac-
tions (suspended solids or sediments) rather than the dissolved phase (Figure 2). For PFASs,
important differences in quantification frequencies are observed between congeners, as
well as between dissolved or particulate fractions.

Phthalates, followed by benzotriazoles, PAHs, bisphenol A and alkylphenols, exhib-
ited the highest concentrations, ranging from a few µg/L up to 20 µg/L. For phthalates,
DEHP (4–53 µg/L) dominated the profiles. A previous study where more congeners within
this family were monitored also observed significant concentrations of DEHP (mean con-
centration of 3.7 µg/L for street runoff) but indicated that the patterns were dominated
by diisodecyl + diisononyl phthalates (DIDP + DINP), a technical mixture of phthalates
replacing DEHP with an average concentration of 17 µg/L for street runoff [20]. For
DMP, DBP, BBP and DNOP, the concentrations previously measured in road runoff [29]
were an order of magnitude lower than those measured in the present study. The levels
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of the benzotriazoles were in the same order of magnitude than those reported [20] in
Berlin, Germany.

Table 6. Organic micropollutants (group 3) analyzed in the runoff, quantification frequency and
range of quantified total EMC concentrations.

Substance Abbv. EQS 1 n Quantif Q10 Median Q90 Literature 2

Ph
ta

la
te

s
(µ

g/
L)

dimethyl phthalate DMP 38 55% 0.1 0.3 0.8 <0.01–0.08
diisobutyl phthalate DiBP 1.8 36 100% 1.1 3.3 8.3
dibutyl phthalate DBP 10 38 100% 0.6 1.3 2.8 <0.05–0.96
dimethoxyethyl phthalate DMEP 25 76% 0.1 0.8 3.7
di-4-methyl-2-pentyl phthalate DMPP 25 96% 0.2 0.5 4.4
diethoxyethyl phthalate DEEP 25 76% 0.04 0.3 1.4
di-n-pentyl phthalate DPP 25 68% 0.02 0.2 2.6
butylbenzyl phthalate BBP 7.5 25 80% 0.1 0.3 0.7 <0.01–0.08
di-n-hexyl phthalate DNHP 25 84% 0.1 1.3 2.1
di-2-butoxyethyl phthalate DBEP 18 94% 0.1 0.7 3.5
dicyclohexyl phthalate DCHP 25 100% 0.6 1.8 6.4
di-2-ethylhexyl phthalate DEHP 1.3 37 100% 4.2 11.9 53.5 0.38–78
di-n-octyl-phthalate DNOP 23 78% 0.2 1.5 5.1 <0.01–1.1
dinonyl phtalate DNP 38 74% 0.1 0.5 2.4

Total hydrocarbons (ng/L) THC 35 100% 0.2 × 106 0.7 × 106 2.9 × 106

PA
H

s
(n

g/
L)

Naphthalene Nap 2,000 35 100% 10 34 152
1-methylnaphtalene 1MN 35 89% 2 9 54
2-methylnaphtalene 2MN 35 97% 5 18 78
Acenaphthylene Acyl 35 100% 10 32 140
Acenaphthene Acen 35 74% 4 11 37
Fluorene F 35 97% 5 17 59
Anthracene A 100 35 100% 12 45 143
Phenanthrene PHEN 35 100% 65 162 522
Pyrene PY 35 100% 128 404 1573
Fluoranthene Fluo 6.3 35 100% 75 302 1368
Benzo(a)anthracene BaA 35 100% 24 127 390
Chrysene Chry 35 100% 39 159 690
Benzo(a)pyrene BaP 0.17 35 100% 23 91 282
Benzo(k)fluoranthene BkF 35 100% 19 68 219
Benzo(b)fluoranthene BbF 35 100% 56 213 837
Benzo(ghi)perylene Bper 35 100% 37 166 665
Indeno(1,2,3-cd)pyrene IP 35 100% 25 113 329
Dibenzo(ah)anthracene DahA 35 97% 8 47 115
Coronene Cor 35 100% 15 51 429
∑16 PAH ∑16 PAH 35 100% 604 2068 7481 300–6000

A
lk

yl
ph

en
ol

s
(n

g/
L) Bisphenol A BPA 1.6 38 100% 148 513 1657 <200–2500

4-tert-octylphenol OP 100 38 100% 25 82 447 110–1900
Octylphenol-mono-ethoxylate OP1EO 38 100% 56 197 780
Octylphenol-di-ethoxylate OP2EO 38 79% 12 31 159
Nonylphenol NP 300 38 79% 3 8 70 170–3600
Nonylphenol-mono-ethoxylate NP1EO 38 100% 99 699 3375
Nonylphenol-di-ethoxylate NP2EO 38 100% 34 125 668
Nonylphenoxy acetic acid NP1EC 38 89% 40 141 719

Note: 1 EQS: Environmental Quality Standard, annual average value for the total phase, European regulatory
value 2013/39/UE or INERIS calculated guidance value (https://substances.ineris.fr, accessed on 16 December
2021). 2 Literature = range of EMCs measured in roads and parking lots [20,22,29,31].

Extensive literature indicates that PAHs are emitted by vehicle traffic via gas exhaust,
tire wear and spilled oil [32]. In this study, the PAH fingerprints were relatively similar
between sites and were also comparable with patterns reported in the literature, i.e.,
featuring a predominance of heavy molecular weight PAHs (HMW; i.e., 5 to 6 aromatic
rings) over low molecular weight PAHs (LMW; 2–4 aromatic rings). The assessments of the
different PAH indexes commonly mentioned in the literature (HMW/LWM ratio, PHEN/A
or BaA/Chry, etc.) confirm a mixture of pyrolytic and petrogenic sources. The Σ16 PAH
concentration was within the range of EMCs values reported in the literature for urban
roads and motorways [20,22]. Parking lot runoffs exhibited lower concentrations than those
reported for mixed stormwater from larger urban catchments in France [7,8], while runoff
concentrations from the heavy trafficked sites (C and P) were comparable or superior to the
urban scale values. Very high concentrations of PAHs were occasionally observed at the R
site but are related to exceptionally high TSS concentrations (>700 mg/L). As previously
mentioned in the section dedicated to global parameters, these high concentrations are
linked to the formation of deposits in the pipe and to the resuspension of these deposits
during certain rain events. Similar to metals, the differences in the concentrations observed

https://substances.ineris.fr
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for PAHs or total hydrocarbons are partly due to the difference in TSS concentrations but
also due to the differences in particle contaminations. Much lower PAH contents were
observed for TSS from R site (median Σ16 PAH = 6750-ng/g dry weight, dw) compared to
the P and C sites (median Σ16 PAH, respectively, 12,378 and 15,397-ng/g dw) and V site
(median Σ16 PAH = 19,398-ng/g dw), which might indicate a different source of suspended
solids at R site, which may be linked to construction work.

Table 7. Organic micropollutants (groups 4 and 5) analyzed in the runoff, quantification frequency
and EMC total concentrations.

Family Substance Acronyme EQS n Quantif. C10 median C90

Hexabromocyclododecane
(ng/L)

a- hexabromocyclododecane a-HBCDD 11 91% 0.9 1.4 11
b- hexabromocyclododecane b-HBCDD 11 91% 0.1 0.3 1.6
g- hexabromocyclododecane g-HBCDD 11 91% 0.3 1.1 2.4

Sum HBCDD 1.6 11 91% 1.5 2.9 14
Tetrabromobisphenol A (ng/L) TBBPA 260 11 91% 0.1 0.5 1.7

Polybrominated
biphenyl ethers

(ng/L)

BDE 28 BDE 28

Σ6BDE
0.5

14 79% 0.06 0.0 0.1
BDE 47 BDE 47 14 100% 0.02 0.2 0.4

BDE 100 BDE 100 14 93% 0.05 0.1 0.1
BDE 99 BDE 99 14 100% 0.02 0.3 0.7
BDE154 BDE154 14 71% 0.08 0.1 0.1
BDE 153 BDE 153 14 79% 0.02 0.1 0.3
BDE 209 BDE 209 14 93% 3.0 20 72

Perfluoroalkyl
carboxylic acids

(ng/L)

perfluoropentanoic acid PFPeA 15 40% 0.40 17 81
perfluorohexanoic acid PFHxA 138 15 100% 0.03 0.5 22
perfluoroheptanoic acid PFHpA 15 73% 0.002 0.04 15
perfluorooctanoc acid PFOA 15 100% 0.20 1.9 34
perfluoronoanoic acid PFNA 15 67% 0.05 0.2 5.4

perfluorodecanoique acid PFDA 15 100% 0.18 0.6 8.4
perfluoroundecanoic acid PFUnA 15 80% 0.02 0.2 1.0
perfluorododecanoic acid PFDoA 15 93% 0.10 0.4 1.4

Perfluoroalkylsulfonic
acids (ng/L)

perfluorobutane sulfonic acid PFBS 15 20% 0.01 0.05 0.41
perfluorohexane sulfonic acid PFHxS 15 7% 0.02 0.02 0.02
perfluorooctane sulfonic acid,

linear isomer L-PFOS
0.65

15 100% 0.15 0.55 2.73

perfluorooctane sulfonic acid,
sum of branched isomer Br-PFOS 15 80% 0.06 0.28 0.93

perfluorodecane sulfonic acid PFDS 15 60% 0.02 0.05 0.09

Perfluorooctane sulfonamide (ng/L) FOSA 15 80% 0.02 0.1 0.6

Fluorotelomere
sulfonates (ng/L)

4:2 fluorotelomere sulfonate 4:2 FTSA 15 7% 0.1 0.1 0.1
6:2 fluorotelomere sulfonate 6:2 FTSA 15 80% 0.6 1.8 4.0
8:2 fluorotelomere sulfonate 8:2 FTSA 15 33% 0.0 0.1 0.3

Benzotriazoles
(µg/L)

1H-Benzotriazole BT 7 100% 0.5 1.4 2.2
4-Methyl- 1H-benzotriazole 4mBT 7 100% 0.2 1.0 1.4
5-Methyl- 1H-benzotriazole 5mBT 7 86% 0.2 0.8 1.2

The PFASs, PBDEs, HBCDD and TBBPA were in the 0.1–10 ng/L range with the
exception of BDE-209, which presented much higher concentrations (3.0–72.1 ng/L). The
concentrations of HBCDD and TBBPA ranged from 1.5 to 13.8 ng/L and 0.1 to 1.7 ng/L,
respectively. As TBBPA and HBCCD were, for the first time, studied in runoff, a deeper ex-
planation is here provided. TBBPA and HBCCD are flame retardants and were investigated
here for the first time in runoff. TBBPA is used for its flame-retardant properties in plastics,
resins and printed circuit boards. HBCDD is used mainly in thermal insulation foams and
in textiles. Its production leads to a mixture of three diastereomers named alpha (α), beta
(β) and gamma (γ). In general, commercial HBCDD has a γ-isomer at about 80–85%, an
α-isomer at 8 or 9% and a β-isomer at 6%. Other commercial forms of HBCDD are available,
each form containing different proportions of the three stereoisomers [33]. In runoff, the
observed pattern is dominated by a significant contribution from the α-isomer (on average
64%), followed by the γ-isomer (25%) and, finally, the β-isomer at 10%. In Europe, from
a regulatory point of view, HBCDD is part of the group of brominated flame retardants
on the list of priority substances established by the Commission of the Convention for the
Protection of the Marine Environment of the Northeast Atlantic (OSPAR Commission 11).
For the European Union, HBCDD is one of the PBT (persistent, bioaccumulative and toxic)
substances of very high concern referred to in article 57 d) of the REACH regulation and is
one of the candidate substances for the authorization procedure.
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Traffic-related materials are considered to be a potential source of PFASs in road
dust [34]. PFASs, including carboxylic acids and sulfonates, have been detected in automo-
tive grease and other parts of automobiles, including seats, steering systems, suspension
and brakes. In the present work, PFASs were ubiquitous, with concentrations of individual
compounds in the range <LQ 125 ng/L. In most samples, the PFAS molecular pattern is
dominated by PFOA, followed by 6:2 FTSA, PFOS and long-chain carboxylic acids, albeit
at low levels. This is in good agreement with Kim and Kannan [35], who reported a similar
pattern in urban surface runoff water. In this study, the authors reported higher concentra-
tions of PFOA at a site influenced by heavy traffic. It is noteworthy, however, that, when
the short-chain carboxylic acid PFPeA was detected, it was by far the dominant compound.
Such a finding might be related to local, distinct sources or to the transformation of precur-
sors such as FTSAs. PFPeA was also detected in street sweeping from the US, although its
contribution was lower than in the present work [34].

3.3. Inter-Site Variability of Concentrations—Targeted Screening

For a significant proportion of the metals known to be tracers of car traffic, including
Cu, Zn, Pb, Ni, Cr, Sb and Ti [36], the concentrations at the P and C sites were the highest,
while the concentrations at V site (i.e., the parking lot) were the lowest (Figure 3). These
findings are consistent with the traffic area categories and traffic density of the different
sites [23]. While the P site, which has the highest daily traffic loads, showed the highest
concentrations for Cu, Ni, Cr and Ba, this was not true for Pb and, especially, Zn, for which
the highest concentrations were observed for the C site. This may be explained by the
differences in traffic fluidity: frequent braking and restarting due to traffic jams at the P
site can enhance the brake pad, tire wear and exhaust-related emissions, while at C site,
where traffic was fluid, increased Pb and Zn emissions might be linked to the high rate
of lories and the presence of a galvanized guardrail. The Zn/Cu ratio was lowest for
P (median 1.21), higher for V and C (respective medians 2.9 and 2.6) and highest for R
(median 3.6). These ratios appeared low compared to what is usually measured in traffic
areas (usual range cited by Reference [23] was 3–5), which could be linked to the total
extraction of the particulate phase used in our study. Lower Zn/Cu in Paris could be
an indicator of a higher contribution from brake pads. For the R site, non-traffic-related
contributions were suspected for some samples. Indeed, contrary to all the other sites and
pollutants, the Cu and Ba distributions at this site did not follow a log-normal distribution.
As already noted for the conductivity and TSS distributions, outliers in the distribution
curve were observed that might be linked to construction work.

Some organic pollutants—BPA, alkylphenols, PAHs and PBDEs—presented inter-site
profiles similar to what was observed for traffic-related metals, i.e., the highest concentra-
tions at the P and C sites and the lowest concentrations at the V site. Figure 4 illustrates
the distributions of the EMC concentrations for the THC, Σ16 PAHs, DEHP, BPA, NP and
OP. The C and P sites had the highest vehicle traffic densities (2 × 11,000 and 40,000 vehi-
cles/day, respectively) in comparison with the R and V sites (<3000 vehicles/d and one to
three rotations per day, respectively). As such, higher concentrations were expected for or-
ganic micropollutants for which significant traffic-related emissions have been documented:
total hydrocarbons and PAHs emitted by exhaust gases, tire wear and motor lubricant
oils [9] and BPA, NP and OP emitted by brake fluids, car bodies and tires [37,38], as well
as phthalates, especially DEHP, emitted by car exhaust [39] and tire abrasions [39,40]. As
recently proposed by Wicke et al., who observed correlations between some phthalates
and traffic, the release of phthalates could also be linked to the application of plastisol for
the protective undercoating of vehicles [20]. However, the concentration profiles of these
micropollutants cannot be explained by traffic density alone. For PAHs and, to a lesser
extent, NP, the highest concentrations were measured at C site, which had a lower traffic
density than P site but higher heavy goods vehicle (HGV) traffic. On the contrary, much
lower BPA concentrations (similar to R site) and DEHP concentrations (similar to V site)
were measured in C compared to P. These pollutants could be influenced not only by traffic
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but also by the immediate environment (buildings, street furniture, etc.) of the road. The C
highway is situated in a suburban area, and the immediate surroundings mainly consist of
green areas, while the P site is in a very dense city center. BPA is mainly used as a monomer
in the manufacturing of polycarbonate plastics, as well as in epoxy resins [41]. It is also
an additive introduced during the production of PVC, varnishes and paints. Similarly,
DEHP is a common plasticizer that is used to produce polymers and, especially, polyvinyl
chloride (PVC).

For PFASs, despite the limited number of rain events sampled, the R site stands out
from the other sites as having much higher concentrations but also very different profiles
than the other sites. Previous studies have demonstrated the importance of road traffic
in the contamination of runoff by PFAS [35,42]; this trend was not observed here. PFAS
emissions at R site may be linked to both potential sources and/or illegal dumping from
nearby construction work. Due to the limited number of published studies and the intra-
site variability linked to the type of rain events sampled, no significant trend can be drawn
between the other sites.

Figure 3. Non-exceedance probability distributions of the total EMCs (µg/L) for Cu, Ni, Cr, Ba, Pb
and Zn. P = Paris, C = Compans, R = Rosny-sous-Bois and V = Villeneuve-le-Roi.
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Figure 4. Non-exceedance probability distributions of the total EMCs (µg or ng/L) for THC, 16PAHs,
DEHP, BPA, NP and OP. P = Paris, C = Compans, R = Rosny-sous-Bois and V = Villeneuve-le-Roi.

3.4. Non-Target Screening: Comparison of Site Signatures and New Compounds of Interest

For the four sites considered (P, C, R and V), HRMS fingerprints (i.e., bubble plots of
all detected features) were first compared to visualize the differences between samples in
terms of compound diversity and signal intensity (Figure 5). Each site exhibited specific
features (i.e., a specific chemical composition), and a low proportion of features was
generally common between several samples and/or sites. The highest proportion of
common features was found between the C samples and the P samples, which might be
attributed to high-traffic-related compounds. These features only represented half the
number of features of each site, indicating that site-specific features were still important.
The number and total intensity of the features generally followed the respective intensities
of traffic at each site (i.e., more intense and more numbers of features with higher traffic).
Sites V and R each showed very distinct features, with only a minor proportion of markers
present at the other sites.
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Figure 5. HRMS fingerprints of the selected samples (P = Paris, C = Compans, R = Rosny-sous-Bois
and V = Villeneuve-le-Roi). The sizes of the bubbles are proportional to the area of the feature.

A suspect screening approach was applied to search for compounds of interest, includ-
ing the rubber vulcanization accelerator DPG and other additives. DPG was detected in
all samples, with the highest intensities at the C site, which might be related to the higher
proportion of HGV present at this site. While the rubber antioxidant 6PPD itself was not
detected in the samples, its toxic decomposition product 6PPD-quinone was present in
most samples.

Benzotriazole was mostly present at the P and C sites, in accordance with the traf-
fic density and the related emission of particles from tires [43]. Benzothiazole was not
detected, which could be related to a higher proportion of this compound in the particu-
late phase. Most benzothiazole derivatives and butylphenols were not detected, except
2-hydroxybenzothiazole, aminobenzothiazole and t-butylhydroquinone, although their
presence was not definitely confirmed (i.e., by injection of the corresponding analytical stan-
dards). DPG and benzotriazole were unambiguously confirmed, and semi-quantification
was performed (Table 8).

Table 8. Organic micropollutants potentially detected by HRMS suspect screening in ESI+ mode.

Substance CAS Raw
Formula

Observed Ion
(m/z)

Mass Error
(ppm)

Observed RT
(min)

Observed CCS
(Å2)

Confidence
Level *

1,3-Diphenylguanidine 102-06-7 C13H13N3 212.1177 −2.4 5.02 143.5 1
1,3-Di-o-tolylguanidine 97-39-2 C15H17N3 240.1487 −3.4 6.43 151.0 2

6PPD-quinone - C18H22N2O2 299.1744 −3.1 14.71 174.3 2
Benzotriazole 95-14-7 C6H5N3 120.0551 −4.1 4.14 113.0 1

2-Hydroxybenzothiazole 934-34-9 C7H5NOS 152.0158 −4.1 6.76 118.3 2
Aminobenzothiazole 136-95-8 C7H6N2S 151.0320 −3.0 3.33 118.8 2

tert-Butylhydroquinone 1948-33-0 C10H14O2 167.1061 −3.3 5.52 126.7 3

Note: * Confidence level was 1 when the substance was confirmed by injection of a reference standard, 2 when at
least 3 fragments were present in the high-energy HDMSE spectra and 3 when less than 3 fragments were present.

In the second phase, non-targeted screening approaches were followed using multi-
variate analyses to tentatively identify HRMS features that were the most specific to each
site. A principal component analysis was first performed with all features detected at the
four sites (Figure S1). The first principal components (PC1 and PC2) clearly discriminated
between the sites and some rain events (Figure S1). PC1 was especially representative of
the very specific features obtained from the R site, while PC2 mostly separated the samples
from the low-traffic sites (V and R) from the high-traffic ones (C and P). The C and P
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samples were very close, except for one rain event at the P site (16-05-29). This rain event
was especially discriminated within the third component (PC3) and showed features of
much higher intensity as compared to other rain events at the P site. Some of the most
discriminant features were tentatively identified (Table S11). Some fluorinated compounds
were found at the R site (proposed structures ethyl-4,4,4-trifluoro-3-hydroxybutanoate and
1-(2,2-difluoroethoxy)-3-decanol). A series of polyethylene glycols (PEGs) were identified
at the high-traffic sites (P and C) and were present at high intensities at those two sites. A
more detailed identification of the features specific to the R and C sites (e.g., PEGs series)
was described in Reference [16] (submitted to the same Special Issue).

4. Discussion

On the basis of the new knowledge gained by this study on poorly investigated
compounds in runoff, the relevance of this contamination and the partitioning of these mi-
cropollutants between dissolved and particulate fractions, as well as the on-site depollution
strategy, are discussed in the following section.

4.1. How Significant Is Road Runoff Contamination?

As initially proposed by Zgheib et al. [8] and more recently by Wicke et al. and
Brudler et al. [20,44], the EMC concentrations in runoff can be compared with environmen-
tal quality standards, as reported in Table 9. The annual average EQS (AA-EQS) defined by
European and French regulation [30], as well as environmental guideline values suggested
in France by INERIS (https://substances.ineris.fr (accessed on 16 December 2021)) for
some micropollutants that are not targeted by the regulation, were taken into account. The
AA-EQS were compared to the site mean EMCs. The most significant exceedances of the
EQS were observed for two HMW PAHs, BaP and Fluo (EMC/AA-EQS >100). Exceedances
by more than a factor of 10 were also observed for Cu and DEHP. Ten substances showed
exceedances of the EQS by a factor between 1 and 10, namely three metals (As, Sb and Zn);
BPA; NP and OP; HBCDD, the sum of PBDE; PFOS and one PAH (A).

Table 9. Importance of the EMC/AA-EQS ratio, with the EMC:highest site mean EMC (the total
concentrations are considered for organic micropollutants and dissolved concentrations for metals)
and AA-EQS environmental quality standard expressed as the annual average concentration. (French
regulatory values [30] or INERIS suggested guidance values).

Pollutants with AA-EQS but
Not Detected <1 1–10 10–100 >100

Organotins
Chloroalkanes

Cd, Cr, Ni, Pb
benzotriazole, Nap

As, Sb, Zn
BPA, OP, NP, PBDE *,

PFOS, HBCDD, A

Cu
DEHP BaP, Fluo

Note: * For PBDE, EQS refers to the sum of BDE 28, 47, 99, 100, 153 and 154.

With the exception of HBCDD, Sb and PFOS, which were not measured in their study,
similar conclusions were drawn for urban stormwater from large urban catchments [8]. In
the case of organotins, which were not detected in this project, Zgheib et al. [8] pointed to a
significant potential risk, with exceedances of between 100 and 200 for TBT and above 1000
for MBT and DBT. However, Wicke et al. [20] confirmed our results, as they found the TBT,
MBT and DBT concentrations to be inferior to 10 ng/L in their urban runoff samples. They
also compared micropollutant contamination profiles of stormwaters from different urban
land uses, including streets with traffic densities superior to 7500 vehicles/d. Similarly,
they found EQS exceedance for four PAHs, DEHP, Cu and Zn, but for PFOS, NP, OP, BDE
and HBCDD, their LQ was superior to the EQS. For land uses other than streets, some
biocides also showed EQS exceedance. Brudler et al. [44] evaluated the EQS exceedances,
as well as toxic impacts, of urban stormwaters based on a review of international data
and LCIA calculations. Metals, especially Cu, followed by Zn, were identified as the main
contributor to ecotoxicity impacts.

https://substances.ineris.fr
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In Berlin [20], road runoff was found to be the major source of contamination for PAH,
benzothiazole, benzotriazole, DEHP, Ni, Cr, Ti and V, as well as a strong contributor to Cu
and Zn. This is consistent with the substance flow analysis performed for PAH, Cu and
Zn [45] and/or phthalates [6]. Construction materials (roofs, facades and urban furniture)
and catenaries are another important urban source for Cu and Zn [46]. For alkylphenols,
important contributions, from traffic emissions to urban stormwater loads, have been
highlighted [6].

As we noticed, based on the comparison of the four traffic areas studied in this paper,
the contamination levels may vary in a wide range, depending on the traffic density and
fluidity, as well as the surroundings. The trends observed with results from targeted
micropollutants analyses were confirmed by non-target screening, providing additional
information about traffic-related markers (e.g., DPG) but also allowing the identification
of site-specific compounds. Yet, even at the V site, which is a residential parking lot with
very limited traffic showing much lower concentrations than the densely trafficked roads
of P and C, some micropollutants exceeded the AA-EQS thresholds. This means that
even low-trafficked areas have to be considered as contributing to the diffuse pollution
of freshwater-receiving bodies. As indicated by both target and non-target screening, a
high variability of contaminations can also be expected across different rain events at the
same site.

For some metals for which local geochemical background values are available [47,48],
the enrichment factors for TSS transported by runoff can be assessed [49]. The highest
enrichment factors were observed for Sb, with a median value of 45 and an average of 74.
For this element, the strongest enrichment was observed at the P and C sites (114 and 149,
respectively), which were also the sites with the highest traffic intensity compared to the
other sites (30 for R and 23 for V). This demonstrated the traffic-related origin of Sb, the
most enriched element in the Seine River [50]. A significant, but lesser, enrichment was
also observed for Cu (25 and 44 median and average values for all the sites combined) and
Zn (22 and 21). Cu and Zn followed the same trend as Sb between the sites, but in the case
of Zn, there was less variation in the enrichment factor between the contaminated sites (30
and 26 for the P and C sites) and the sites less impacted by traffic (16 and 12 for the R and
V sites). Cu, Zn and Sb have been identified as urban markers, as well as Pb and Cd [47].
The enrichment factors for Pb and Cd were lower (median values of, respectively, 7 and
5) and did not show a clear trend with traffic density, suggesting that Pb and Cd are not
univocally related to vehicle emissions. For the other metallic elements, the enrichment
factors were quite low. For Ag, As, Ni and Co, this enrichment did not exceed 2. These
unique data proved that, in the Seine River Basin, those elements (Ag and As) that are
noticeably enriched in the river sediments [51,52] are not related to traffic.

4.2. Distribution of Pollutants between Dissolved and Particulate Phase

Dissolved particulate distributions are important to characterize, as they can orient
and guide the management and reduction strategies of the pollution carried by runoff
water. The percentage of the total EMC associated with the particulate phase is presented
in Figure 6. The first–last decile (D10–D90) range of all the analyzed samples, as well as the
median value for each site, are given.
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Figure 6. Percentage of the total EMC associated with the particulate phase for a selection of
micropollutants. First decile (D10) and last decile (D90) over the whole dataset, as well as the median
value for each site (V, R, C and P).

Most metals were predominantly bound to the particulate phase (>50%). This tendency
was more pronounced for elements such as Cr and Pb and, to a lesser extent, for Zn, As, Sb
and Cu. For the previously well-documented elements, these distributions were comparable
to those reported for pavement runoff [53] or for stormwater at the outlet of a separate
sewer network [7]. The partitioning of Sb was poorly documented. In natural waters, the
dissolved fraction contained more than 90% of the total Sb content [54]. In the anthropized
Seine River, the dissolved fraction represented 64 ± 12% but fell to 4.3 ± 1.6% in the
untreated waste waters [50]. The Sb distribution in the road runoff appeared different
than in natural nonimpacted rivers and in the same order of magnitude as in anthropized
river waters. Those findings supported the hypothesis that the increase in particulate Sb
concentrations in urban areas may be due to traffic-related sources [11].

The distribution of neutrally charged organic pollutants between the dissolved and
particulate phases is theoretically strongly dependent on their physical–chemical prop-
erties and varies according to the octanol–water partition coefficient (Kow). Although
this coefficient does not accurately describe the behavior of pollutants, it can be used as
an indicator to predict a “rough” distribution of pollutants between the dissolved and
particulate fractions [7]. A large number of organic pollutants were preferentially associ-
ated with particulate matter such as PAHs, PBDEs, HBCDD and PFASs, as illustrated for
PFOS (with the exception of the V site). The phthalates analyzed in this study covered a
wide range of Kow values (log Kow from 2.4 to 8.8); similarly, a gradient in the particulate
fraction was observed for this family, with some pollutants predominantly associated with
the dissolved phase (DiBP, DBP and DMEP); some predominantly with the particulate
fraction (DMPP, DEEP, DPP, BBP and DNP) and some evenly distributed between these
two phases (DMP, DEHP, DNOP, DNHP, DBEP and DCHP). While previous work has
shown a clear difference between low molecular weight PAHs (50–80% in the particulate
fraction) and high molecular weight PAHs (>80%) [7], the latter was not observed in this
work, probably due to the higher detection limits in the dissolved fraction. In the case of
BPA and alkylphenols, and in agreement with previous observations on stormwater [7],
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the dissolved phase was significant. It represented more than 45% for all samples for BPA
and varied between 15% and 75% for NP and OP.

While Cr, Pb, HBCDD, PBDE and PAHs were mostly particle-bound (>90%) at all
four study sites, other pollutants presented site differences. The proportion of particle-
bound pollutants was highest for the C site, which was characterized by both high TSS
concentrations and relatively low DOC concentrations. The R and V sites, which presented
much lower TSS concentrations, also showed a higher dissolved fraction. The V site
presented a singular behavior for HBCDD and PFOS; while these two compounds were
detected only in the particulate fraction for the P, C and R sites, they showed a dominant
dissolved concentration at the V site, which might indicate both a different source of these
pollutants on this site or a slightly different nature of the particles.

4.3. Should We Promote On-Site Depollution Systems?

Trafficked areas clearly appear to be a source of a range of micropollutants for which
runoff is a vector that may impact freshwater ecosystems. Conventional separate drainage
systems collect these waters in drains and discharge them into receiving bodies without
any treatment. In urban areas with combined sewer systems, runoff undergoes depollution
in the sewage treatment plant for small rainfalls, but it also contributes to combined sewer
overflows (CSOs) for larger rainfalls, CSOs that convey not only stormwater micropol-
lutants but also a wider range of compounds originating from domestic and industrial
sewage. In order to reduce the diffuse pollution of freshwaters, the on-site control of traffic
area runoff should be considered. The control of pollutant loads discharged into receiving
water can either be achieved by depollution strategies, i.e., by implementing on-site treat-
ment processes to reduce concentrations of pollutants, or by reducing the runoff volumes
discharged. Based on our results, treatment processes should target both the particulate
and the dissolved phases of pollutants. Recent research [55,56] has highlighted the very
fine particle size distribution of TSS in road runoff, which will limit its ability to settle in
facilities such as stormwater ponds. Filtration processes should thus be promoted to trap
particulate pollutants and adsorption processes implemented for treating the dissolved
fraction. Nature-based solutions (NBS) involving percolation through a vegetated soil or
substrate show promising results for the treatment of the particulate phase [10,57]; however,
several authors have underlined a more limited efficiency of dissolved pollutants [10,58],
which might be linked to colloidal transport or complexation with DOC [55,59] and can
be worsened by winter salt application [60]. Moreover, depollution strategies will show a
limited efficiency for runoff with relatively low concentrations, such as the V site, as the
percent of removal efficiency usually decreases with low influent concentrations levels [61],
and the irreducible concentration levels are measured at the outlet of all treatment sys-
tems [62]. The reduction of runoff volumes collected into sewer systems appears to be a
priority, as it allows both reducing the frequency and importance of CSOs in combined
sewer systems and reducing pollutant loads discharged by separate sewer systems, for
which systematic centralized treatment seems unaffordable. Limiting runoff by promoting
pervious surfaces and on-site infiltration and evapotranspiration in sustainable urban
drainage systems (SUDS) appears to be necessary in order to efficiently reduce diffuse
inputs to superficial aquatic environments. This will, in turn, induce the accumulation of
contaminants in the upper soil layer of SUDS [63]. Further research is needed to assess
the long-term behaviors of these systems both in terms of treatment efficiency and the
fate of the accumulated contaminants, which can involve the biodegradation of organic
micropollutants [64] but, also, the leaching of metals [65].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14030394/s1: Table S1: Pollutants analyzed in runoff; Table S2: Limit of quantification
for inorganic elements—I; Table S3: Limit of quantification for inorganic elements—II; Table S4:
Limit of quantification for inorganic elements—III; Table S5: Limit of quantification for organic
elements—Total hydrocarbon and PAHs; Table S6:Limit of quantification for organic elements—
PBDE; Table S7: Limit of quantification for organic elements—AP, BPA, HBCD and TBBPA; Table S8:
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Limit of quantification for organic elements—Phthalates; Table S9: Limit of quantification for organic
elements—PFAS; Table S10: Limit of quantification for organic elements—Other molecules; Table
S11. Specific features tentatively identified by non-target screening at each site; Figure S1: Principal
component analysis of HRMS features. (A) Scores plot of first two principal components (PC1 and
PC2) showing samples with selected sampling dates for the four sites; (B) Loadings plot showing
all features detected in the samples, with the size of bubbles proportional to the highest intensity of
a given feature among all samples; (C) Scores plot of third and fourth principal components (PC3
and PC4).
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